The interaction of environmental bacteria with unicellular eukaryotes is generally considered a major driving force for the evolution of intracellular pathogens, allowing them to survive and replicate in phagocytic cells of vertebrate hosts. To test this hypothesis on a genome-wide level, we determined for the intracellular pathogen Mycobacterium marinum whether it uses conserved strategies to exploit host cells from both protozoan and vertebrate origin. Using transposon-directed insertion site sequencing (TraDIS), we determined differences in genetic requirements for survival and replication in phagocytic cells of organisms from different kingdoms. In line with the general hypothesis, we identified a number of general virulence mechanisms, including the type VII protein secretion system ESX-1, biosynthesis of polyketide lipids, and utilization of sterols. However, we were also able to show that M. marinum contains an even larger set of host-specific virulence determinants, including proteins involved in the modification of surface glycolipids and, surprisingly, the auxiliary proteins of the ESX-1 system. Several of these factors were in fact counterproductive in other hosts. Therefore, M. marinum contains different sets of virulence factors that are tailored for specific hosts. Our data imply that although amoebae could function as a training ground for intracellular pathogens, they do not fully prepare pathogens for crossing species barriers.
T hroughout evolution, pathogens have developed an arsenal of molecular mechanisms to establish a successful infection within the host. Whereas many pathogens are restricted to a single host, some infectious agents have developed ways that allow them to survive in a variety of different hosts (1, 2) . The molecular basis of host specificity is poorly understood, and the specific molecular pathways that are used by pathogens in different hosts are largely unexplored. Insight into evolutionary and host adaptation pathways could help to predict emerging pathogens. In addition, knowledge of virulence mechanisms that are essential for survival and pathogenesis across various organisms would be highly valuable for the design of effective drug treatments and vaccination strategies.
One of the diseases for which such knowledge would greatly benefit the design of treatment options is tuberculosis. This deadly infectious disease is caused by Mycobacterium tuberculosis, a facultative intracellular bacterium that has evolved to become one of the most successful human pathogens. As a result of genome downsizing, M. tuberculosis has become restricted to a limited number of mammalian hosts (3) . In contrast, Mycobacterium marinum, which is genetically one of the closest relatives of the M. tuberculosis complex (4, 5) , has maintained a larger genome and is able to infect a broader range of hosts (5) . Both of these mycobacterial species have adapted to an intracellular lifestyle, using primarily macrophages as host cells. However, the ability of M. marinum to adapt to changing environmental conditions makes this pathogen an excellent tool to study mycobacterial adaptation to the host from an evolutionary perspective.
M. marinum causes disease in a large number of poikilothermic animals, including fish, frogs, and reptiles (6) (7) (8) . The course of infection in these animals is highly similar to that of M. tuberculosis in the human host. In particular, the formation of granuloma-like lesions in the host and the ability to cause both acute and chronic disease are conserved (7, 9, 10) . In addition to its natural ectothermic hosts, M. marinum is also able to cause infection in warm-blooded animals. However, due to temperature restrictions, the infection in these species is usually limited to the cooler body parts, such as the skin. M. marinum also has the capacity to infect protozoan hosts, such as the soil amoeba Dictyo-stelium discoideum and the waterborne amoeba Acanthamoeba castellanii (11, 12) . Amoebae have also been suggested to serve as a training ground for intracellular pathogens (13) . In fact, the intracellular lifestyle of pathogenic mycobacteria in animals has been hypothesized to be attributable to an evolutionary selection for survival and replication in protozoans (14) , although genetic evidence to support this theory is lacking.
In the present work, we have studied on a genome-wide level the molecular mechanisms that are important for M. marinum to survive and replicate in cells derived from a variety of hosts. Since our findings reveal both common and host-specific virulence pathways, we argue that the current perception of amoebae serving merely as a training ground for intramacrophage pathogens (14) might be too simplistic.
MATERIALS AND METHODS
Bacterial strains, cell lines, and culture conditions. In the present study, we used a transposon library generated in the M. marinum strain E11 (15) . This library, consisting of Ͼ1.1 ϫ 10 5 single transposon mutants, was constructed using transposon donor phagemid MycoMarT7 as described previously (16) . Transposon insertions were randomly distributed at TA dinucleotide sites (17) . Prior to infection experiments, aliquots of the pooled transposon library were taken from Ϫ80°C and grown for 24 h with shaking at 30°C in Middlebrook 7H9 culture medium supplemented with ADC (albumin-dextrose-catalase; BD Biosciences) and 0.05% Tween. The human monocytic cell line THP-1, the mouse macrophage cell line RAW264.7 and the carp leukocytic cell line CLC (18) were cultured in RPMI 1640 with Glutamax-1 (Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco), 100 U of penicillin/ml, and 100 g of streptomycin/ml at 37°C and 5% CO 2 . Acanthamoeba castellanii (ATCC 30234) was cultured axenically in proteose-peptone-glucose medium at 30°C. Dictyostelium discoideum (Ax2) was grown axenically in HL5c medium (Formedium) at 25.5°C.
Infection of zebrafish embryos. In order to visualize bacteria within zebrafish embryos, a pSMT3 plasmid containing a gene encoding the redfluorescent protein mCherry was introduced into the M. marinum wildtype strain E11 and single transposon mutants of cpsA and eccCb 1 by electroporation. Zebrafish embryos were infected with 100 CFU by microinjection in the caudal vein, as described previously (19) . After 5 days of infection, zebrafish embryos were analyzed for bacterial load by fluorescence microscopy or bacterial CFU.
Infection of host cells. For each host cell type, a total of 3 ϫ 10 7 cells was seeded in T175 flasks (Corning). THP-1 monocytes were differentiated into macrophage-like cells by incubation with 25 ng of phorbol 12-myristate 13-acetate (Sigma)/ml for 24 h. The M. marinum transposon mutant pool was washed in RPMI 1640 (for infection of THP-1, RAW264.7, and CLC cells) or phosphate-buffered saline (PBS; for infection of amoeba species) and added to the cells at a multiplicity of infection of 0.5 for 3 h at 33°C (THP-1 and RAW264.7 cells), 30°C (CLC cells and A. castellanii), and 5% CO 2 or 25.5°C (D. discoideum). Infected THP-1, RAW264.7, and CLC cells were washed twice in RPMI 1640 to remove extracellular mycobacteria and incubated at indicated temperatures in RPMI 1640 -10% FBS. Amoebae were washed twice by low-speed centrifugation and incubated at the indicated temperatures. After 72 h of infection, cells were collected by scraping with a rubber policeman. After centrifugation at 5,000 rpm, the cell pellets were lysed in 1% Triton X-100 in PBS to release intracellular bacteria. By low-speed centrifugation, cellular debris was removed, and the supernatant was centrifuged at 5,000 rpm to pellet mycobacteria. Mycobacteria were plated on 7H10 agar in 10-fold serial dilutions to determine CFU numbers and isolate DNA. Fluorescence microscopy was performed as described in the supplemental material.
Coinfection DNA isolation and TraDIS. For each condition, mycobacterial DNA was isolated from a monolayer of 5 ϫ 10 6 colonies formed in 7 days on 7H10 plates grown at 30°C. Bacteria were resuspended in a 1:1 mixture of 10 mM Tris, 1 mM EDTA, 100 mM NaCl (pH 8.0), and phenol-chloroform-isoamyl alcohol (50:48:2) and disrupted by bead beating with 0.1-mm zirconia/silica beads (Biospec Products). After centrifugation, the supernatants were extracted with chloroform and centrifuged. DNA was precipitated from the supernatant with isopropanol in the presence of 300 mM sodium acetate. Precipitated DNA was washed with 70% ethanol, air dried, and dissolved in H 2 O. Transposon-directed insertion site sequencing (TraDIS) was performed on genomic DNA from four or three biological replicates of 5 ϫ 10 6 colonies of the transposon mutant pool collected prior to and after infection, respectively. Construction of TraDIS libraries and sequencing were carried out essentially as described previously (20) . This procedure and the statistical analysis of the data are explained in more detail in the supplemental material.
RESULTS
M. marinum E11 genome sequence. In order to study pathogen adaptation to different hosts, we used the M. marinum wild-type strain E11. This strain was originally isolated from Dicentrarchus labrax (sea bass) and displays a chronic course of infection with a typical tuberculosis-like signature in zebrafish (5, 7, 10, 15) . We first sequenced and annotated the M. marinum E11 genome and, as expected, found that it is highly similar to that of the M. marinum reference strain M (Fig. 1) . Its 6.3-Mbp genome contains 5,335 protein coding sequences (CDS). In addition, the genome sequence also includes a 114-kbp plasmid with 98 protein-coding sequences (21) . Many chromosomal differences between the two M. marinum strains can be attributed to bacteriophage-related sequences and transposable elements. In addition, there are a number of genes that are clearly recently acquired by horizontal gene transfer as they have no orthologues within closely related mycobacteria, such as a gene encoding the putative ferrous iron transporter FeoB. All unique E11 genes are listed in Data Set S1.1 in the supplemental material. Together, these results show that, in contrast to M. tuberculosis, horizontal gene transfer is probably an ongoing process in M. marinum.
M. marinum E11 infection of phagocytic cells. In order to test whether the M. marinum E11 strain was able to survive in phagocytic cells derived from different hosts, we infected phagocytic cells from three different vertebrates (human, mouse, and fish) and two protozoan species (D. discoideum and A. castellanii) with green fluorescent protein-labeled mycobacteria. By performing fluorescence microscopy and plate count assays, we confirmed the presence and survival of mycobacteria for 3 days (see Fig. S1A in the supplemental material). In order to determine whether infec-tion of protozoan cells showed the same characteristics as infection of vertebrate macrophages, we tested the effect of a mutation in ESX-1 on survival of M. marinum E11 in A. castellanii. M. marinum ESX-1 is essential for the successful infection of both zebrafish and human cell lines (19, 22, 23) . We observed that an ESX-1-deficient eccCb 1 mutant strain of M. marinum was indeed attenuated during A. castellanii infection (see Fig. S2B in the supplemental material). Together, our data confirm that the E11 strain of M. marinum is able to infect phagocytic cells derived from different hosts and that ESX-1 is important for infection.
Essential genes. In order to determine the effect of each M. marinum gene on viability and infection, we constructed a pool of 1.1 ϫ 10 5 single transposon mutants. Given the size of the E11 genome, this number of mutants results in a theoretical average transposon insertion density of one per 57 bp, which means that in principle all 5,433 coding sequences were covered by multiple transposon hits (see Fig. 2 for actual insertion frequencies). The exact locations of all of these transposon insertion sites were determined using TraDIS (20) , which resulted in an average of 94% of the sequencing reads mapping to the M. marinum E11 genome (see Fig. S2 in the supplemental material). In order to produce high-confidence data sets, we used four biological replicates of 5 ϫ 10 6 colonies for these experiments. To identify essential genes, we compared expected and observed maximal lengths of consecutive stretches of TA sites without a hit, using the selection criteria as described by Griffin et al. (24) (see Data Set S1.2 in the supplemental material). This led to the identification of 304 genes that are likely essential for survival of the bacteria when grown in normal culture media. Transposon insertions in these genes were absent or only possible at the terminal ends of these genes (Fig. 3B) , which is likely not to affect gene function. Most of these essential genes are shared with M. tuberculosis and are involved in metabolic, respiratory and cell wall-associated processes ( Fig. 3A and  C) (25) . For instance, the esx-3 gene cluster, which encodes an essential type VII secretion system involved in metal uptake in M. tuberculosis (26, 27) , is also required for M. marinum viability (see Fig. S3 in the supplemental material). Interestingly, M. marinum contains a relatively large number of essential PE_PGRS genes, of which very few have orthologues in the genome of M. tuberculosis. A comparison of the two species shows that not all of the essential M. tuberculosis genes were found to be equally important for M. marinum (Fig. 3C) (24) . This may partly be a result of technical reasons, as we performed the TraDIS with significantly higher sequencing depth, but partially also due to redundancy in the M. marinum genome, which is Ͼ2 Mbp larger than that of M. tuberculosis.
Hierarchical clustering of host cells based on infection-associated M. marinum genes. Given the broad host range of M.
From the outer to inner circles, the tracks signify all non-pseudo-CDS in the forward direction (green), all non-pseudo-CDS in the reverse direction (orange), all CDS orthologous to M. tuberculosis H37Rv essential genes in the forward direction (red), all CDS orthologous to M. tuberculosis H37Rv essential genes in the reverse direction (red), all CDS without orthologues in the M. marinum M strain in the forward direction (blue), all CDS without orthologues in the M. marinum M strain in the reverse direction (blue), the GC plot (red, below average; green, above average), the theoretical distribution of TA sites (red, below average; green, above average), and the actual read coverage from TraDIS inputs (red, below average; green, above average).
marinum, the virulence mechanisms used may differ between hosts. To study these differences in detail, we infected phagocytic cells derived from human (THP-1), mouse (RAW264.7), and fish (CLC) origin and two amoeba species (A. castellanii and D. discoideum) with the complete pool of M. marinum transposon mutants. Bacterial growth rate, and therefore the putative number of generations within 3 days, increases with temperature and was highest in the mammalian cell lines, which were infected at 33°C (see Fig. S4 in the supplemental material). The experiments were performed with high bacterial numbers (1.5 ϫ 10 7 ), but with a low multiplicity of infection (0.5) to ensure maximal statistical significance and minimal interference caused by different bacterial mutants infecting the same host cell (i.e., avoiding compensation of the defect by other bacteria, also known as the wild-type helper effect [28] ). By performing TraDIS and comparing the transposon mutants that were present before and after 3 days of infection (see Fig. S5 in the supplemental material), we could identify the bacterial factors required, advantageous or disadvantageous in specific hosts. Importantly, the analysis of three individual biological replicates gave highly reproducible results (see Fig. S6 in the supplemental material), which means that the effect of different genes on intracellular survival and outgrowth can be predicted with high confidence. Based on the behavioral patterns of the M. marinum transposon mutant pool, we could cluster the results by the phagocytic cells from the five different hosts (Fig. 4) . This revealed a high degree of similarity between the two mammalian cell lines, which seems logical since they are evolutionarily the most closely related. Furthermore, the two protozoan species also cluster, indicating functional similarities in these host cells. The phagocytic cells derived from fish show an intermediate behavior.
Validation and identification of a novel virulence factor. Although our TraDIS analysis was highly reproducible, we set out to validate the reliability of the data by testing three single M. marinum transposon mutants of genes that showed a clear phenotype in specific host cells. In a coinfection experiment, we infected human and fish cells with a 1:1 mixture of selected mutants and a transposon mutant showing no apparent phenotype and which we had available in our lab (PE_PGRS15.2). As selected mutants, we used single transposon mutants of the eccCb 1 gene of the esx-1 locus, ppm1a (encoding a polyprenol-monophosphomannose synthase), and cpsA. The cpsA gene encodes a protein that belongs to the LytR family of cell envelope-bound transcriptional regulators, although the exact function is unknown. Specific characteristics of the transposon insertion mutants of these genes and the TraDIS effect on host cell infection are shown in Table S1 in the supplemental material. After 3 days of coinfection, the same time point as used for TraDIS, we determined relative bacterial growth. The mutants with a transposon insertion in cpsA and eccCb 1 showed an attenuation pattern that was largely in agreement with the TraDIS data (Fig. 5A) . Only for the third mutant, with a transposon insertion in ppm1a, we could not confirm the putative growth advantage in the THP-1 cell line. This may be due to the relatively small size of the effect and/or because the statistical significance of the TraDIS data for this gene was not below 0.05 (see Table S1 in the supplemental material). The P values of cpsA and eccCb 1 were a factor 1,000 lower (see Table S1 in the supplemental material). Because CpsA was a novel virulence factor candidate for M. marinum, we also performed zebrafish embryo infection studies with the cpsA mutant and found that it was significantly attenuated in vivo (Fig. 5B) . Together, these data show that the TraDIS results for M. marinum E11 are reliable and can be used to identify the specific contribution of known and novel virulence genes on a genome-wide scale.
General and conserved virulence factors. The disruption of several M. marinum genes and pathways was found to have similar effects in multiple hosts, indicating shared virulence mechanisms. These conserved virulence mechanisms range from secreted effector molecules to cell envelope biogenesis and adaptation to cell physiology. For example, interruption of transport and biosynthesis of the cell wall-associated lipid phthiocerol dimycocerosates (PDIM) results in attenuation of M. marinum in mammalian, fish, and protozoan cells (see Data Set S1.3 in the supplemental material), demonstrating that this virulence factor is essential for the pathogen. PDIM mutants are known to have a leaky outer mem- brane, which could affect intracellular survival. In M. tuberculosis, PDIM has been found to be important for infection as well (29, 30) , indicating that PDIM function is conserved across mycobacterial species. A similar conclusion can be drawn for the ESAT-6 secretion system 1 (ESX-1). Transposon mutants of genes encoding the membrane components and some of the substrates of this type VII secretion system are highly attenuated in virulence in all tested phagocytic cells (see Data Set S1.3 in the supplemental material). Numerous studies have previously shown that ESX-1 is crucial for virulence of both M. marinum and M. tuberculosis (reviewed in reference 31). In addition to PDIM and ESX-1, the mammalian cell entry 4 (mce4) and mce1 gene clusters could also be identified as general virulence factors of both M. marinum and M. tuberculosis (29, (32) (33) (34) . mce4 encodes a (chole)sterol import system that can provide energy to mycobacteria during infection (35) . We found that transposon insertions in several genes of the M. marinum mce4 gene cluster led to attenuation in phagocytic cells of human, mouse and fish origin (see Data Set S1.3 in the supplemental material). In fact, a large number of genes required for M. tuberculosis growth on cholesterol (24) showed the same phenotype (see Data Set S1.4 in the supplemental material). Since we observed a strong selection of these genes within the 3-day time frame of the experiment, the dietary switch to cholesterol or other sterols (in amoeba) not only is a crucial step for intracellular survival and outgrowth but also occurs shortly after infection. Similarly to Mce4, Mce1 may act as a lipid import system as well and has been implicated in virulence of M. tuberculosis (32, 33, 36, 37) . In M. marinum, we found a general attenuation pattern of mce1 Host-specific virulence factors. Although several general virulence genes and mechanisms could be discerned, most virulence genes were found to have a very strong but specific effect in a limited number of host cells and may therefore be markers for bacterial host adaptation (Fig. 5C) . A list of the most variable infection-associated genes in the different host species can be found in Data Set S1.6 in the supplemental material. Most of the host-specific effects were observed in the CLC cell line. Of all tested phagocytes, the CLC cell line probably most closely resembles a natural host cell because it originates from carp, a natural host for M. marinum. Therefore, it is not surprising that a large number of the specific adaptations of M. marinum were found using these cells. One of the CLC-specific effects was observed in the lipooligosaccharide (LOS) biosynthesis pathway, which remarkably appears to be disadvantageous for infection. LOS is a cell wall-localized glycolipid that has been suggested to mask other surface-associated factors (38) . Transposon insertions in several genes of the LOS region resulted in a marked increased fitness of the pathogen (MMARE11_22530-MMARE11_22600 [see Data Set S1.5 in the supplemental material]). Interestingly, not all LOS genes show this phenotype, only a specific set of genes involved in the biosynthesis and addition of caryophyllose, of which the abrogation results in a shorter version of LOS (39) .
Another interesting cluster that was specifically affected in CLC cells was an M. marinum-specific set of genes that are all homologues of ESX-1 substrates (Fig. 5D) . Because of their similarity, these genes probably also encode ESX-1 substrates. However, unlike the known ESX-1 substrates, these proteins seem to play a very specific role in host adaptation. Orthologues of their coding genes were present only in M. marinum or closely related species with a similar host range, such as Mycobacterium liflandii.
In protozoa, M. marinum is highly dependent on biotin synthesis for intracellular survival. On the other hand, disruption of the enzymes of this pathway had only a minor effect in phagocytes derived from the other hosts. This differential dependency on de novo biotin synthesis points to various levels of exogenous biotin in the diverse host cells, which may have to be considered when this pathway is explored as a potential drug target (40) .
In contrast to biotin biosynthesis, inactivation of the vitamin B 12 (cobalamin) biosynthesis pathway seems to provide M. marinum with a specific growth advantage in Acanthamoeba (see Fig.  S7 in the supplemental material). In this host species, transposon insertions in multiple genes encoding enzymes of the vitamin B 12 biosynthesis pathway, such as CobO, CobB, and CobH, give rise to highly increased fitness. Interestingly, this effect is very host-specific and is not, or to a very limited degree, observed in the other host species. Further analysis of mutants with a growth advantage in Acanthamoeba, combined with data on genomic localization and gene similarity, enabled us to detect additional factors that are probably involved in the cobalamin biosynthesis pathway. The newly identified CobF (MMARE11_43760) and a conserved transmembrane protein (MMARE11_3152; Rv2206) could be linked to this pathway as a direct result of TraDIS, providing a more complete picture of vitamin B 12 biosynthesis in mycobacteria. Although the effect of inactivation of de novo vitamin B 12 synthesis on infection is highly significant, the basis for this response is less clear. Interestingly, mycobacteria can also utilize vitamin B 12 supplied by the host.
Unexpectedly, genes associated with the mycobacterial type VII secretion system ESX-1 were found among the genes with the most significant species-specific effect on virulence. Many studies, including this one, have firmly established a role for ESX-1 in virulence, both in M. marinum and in M. tuberculosis (29, 31, (41) (42) (43) . This system, which is encoded by the esx-1 gene cluster, is responsible for the secretion of several virulence factors. Since we have made use of multiple M. marinum transposon mutants of each gene of the esx-1 locus, TraDIS allowed us to compare the contributions of individual ESX-1 system components during infection. Transposon insertions in genes encoding the conserved components that form the actual secretion machinery (44) result in strong attenuation of M. marinum in all hosts (see Data Set S1.3 and S1.5 in the supplemental material). Furthermore, disruption of genes encoding individual substrates of ESX-1 also have a general impact on virulence, albeit the effect is somewhat lower. Of the known substrates, EspB seems to be the most crucial for virulence, but it has to be noted that M. marinum has, in contrast to M. tuberculosis, two nearly identical copies of the best-known ESX-1 substrates esxAB, which could imply redundancy. The extra set of esxAB homologues (MMARE11_01760-MMARE11_01800) appears to be specifically important for infection of the fish cell line CLC, suggesting a host-specific ESX-1 function. However, the most dramatic effects are observed for esx-1 genes that are neither known substrates nor structural components of the transmembrane machinery (see Fig. S8 and Data Set S1.6 in the supplemental material). For instance, while disruption of espH and eccA1 leads to severe attenuation in both mammalian cell lines, it provides M. marinum with a strong growth advantage in the two protozoan species. In fact, these mutations cause the most disparate effects in the different hosts. Another striking observation is that the ESX-1-associated regulator EspR (encoded by MMARE11_ 52210) seems to be disadvantageous for infection of fish cells, whereas it is required for virulence in human cells and in A. castellanii. Possibly, espR regulation may go beyond ESX-1 and involve other host-specific processes (45) . Together, these data show that although ESX-1-mediated virulence of M. marinum is crucial in phagocytic cells, fine-tuning of this system has major effects on virulence. Therefore, the ESX-1 system is probably subjected to strong selection during transmission to different hosts in order to adapt to these species.
average effect size and standard deviation of the log 2 -transformed data of all five host cells were taken for the 1,459 genes that had a P value below 0.05 in at least one condition. 
DISCUSSION
The rapid development of deep-sequencing techniques has opened new possibilities for functional genomics studies. The recently developed TraDIS technique enables the high-throughput analysis of bacterial gene requirements using a large pool of transposon mutants (20, 24, 46, 47) . Here, we used this technique to determine essentiality of gene function in M. marinum. Moreover, we used it to identify the factors that are important for infection of five different host species of this broad-host-range pathogen. A comparison of the genetic requirements of M. marinum in phagocytic cells derived from several organisms reveals important information that can help to elucidate the process of adaptation to new host species. Since our experiments gave highly reproducible results, TraDIS is an excellent tool to predict pathogen-host adaptation and to study virulence mechanisms in bacterial pathogens.
Our data showed that the M. marinum genome contains 304 genes that are essential for survival of the organism in vitro, which represents 6% of the total coding sequences. This number is significantly lower than the 19% for essential genes in M. tuberculosis (24) , which may in part be attributable to higher sequence coverage used in the present study. However, since the genome of M. marinum is considerably larger than that of M. tuberculosis, it may contain alternatives for otherwise essential genes.
In order to identify the factors involved in intracellular survival and replication of M. marinum, we infected macrophages derived from three different host species and two protozoan species with the pool of transposon mutants, followed by TraDIS. Although we kept the infection conditions as similar as possible, the culture medium and infection temperature of the different host cells may influence the fitness of specific mutants and the number of replication rounds. We observed that the balance between bacterial replication and killing in Dictyostelium discoideum led to an equal number of bacteria before and after 3 days of infection (see Fig. S4 in the supplemental material). Although the infection temperature of 25.5°C is quite low for M. marinum to grow optimally, the M strain of this species has been described to replicate efficiently in Dictyostelium at this temperature (12) . Our observation that the E11 strain seems to be less virulent in Dictyostelium demonstrates that strain-specific differences can have a large impact on the virulence of bacteria.
Overall, we found that the virulence mechanisms used by M. marinum are quite similar to those used by M. tuberculosis. Our data clearly demonstrate that ESX-1, PDIM, and cholesterol utilization are crucial for M. marinum during infection. We also identified cpsA as a novel virulence factor. In a large transposon site hybridization study, the cpsA gene of M. tuberculosis was previously found to be important for growth in the mouse spleen (29) , indicating that CpsA is a shared virulence factor. CpsA is a putative transcriptional regulator localized in the membrane and has been suggested to be involved in capsule biosynthesis (48) .
Being a broad-host-range pathogen, M. marinum has developed several host species-specific virulence mechanisms. Genes that were found to be disadvantageous for the infection of fishderived cells include those that are involved in LOS biosynthesis. Interestingly, LOS is absent in M. tuberculosis, whereas it is present in the closely related M. canetti (49) . The latter species is an early branching lineage of the M. tuberculosis complex and, as such, probably still has a broad environmental adaptability (50) . Therefore, the loss of LOS may reflect pathogen specialization to a specific host. A recent study showed that variations in LOS resulted in increased phagocytosis of M. marinum by host cells (51) , which could explain the observed phenotypes.
Inactivation of vitamin B 12 biosynthesis was found to increase fitness of M. marinum in amoebae. In M. tuberculosis, vitamin B 12 has been shown to serve as a cofactor for activity of the methionine synthase MetH, the methylmalonyl coenzyme A mutase MutA/B, and the class II RNR NrdZ (52, 53) . MutA/B are part of the methylmalonyl pathway, which is important for relieving metabolic stress imposed by a dietary switch to cholesterol (54) . The exact reason for the counterselection of vitamin B 12 biosynthesis is not known, but considering the size of the observed effect and a similar effect on the recently identified vitamin B 12 transporter (55), it is probably more than just energy conservation.
By using TraDIS, we could determine the relative contribution of each component of the virulence-associated protein secretion system ESX-1. Our data confirmed previous reports that the secretion machinery itself is essential for virulence, in all host species tested (19, 29, (41) (42) (43) . Surprisingly, we found that not the classical ESX-1-secreted proteins but the secretion-associated proteins are responsible for the most disparate effects in the different models. This suggests that these secretion-associated proteins, such as EspH, EccA1, and EspL and the newly identified EspL-like homologue ( Fig. 5D and see Fig. S8 in the supplemental material), play an auxiliary role in the secretion process and that it is the finetuning of secretion by these proteins that primarily determines virulence. Consequently, the most important effector proteins and mechanisms of ESX-1 may differ between host species, which should be taken into account when using mutants with a complete defect of the ESX-1 machinery. In addition, we identified a set of putative new ESX-1 substrates that do seem to play a role in host adaptation.
In the present study, we determined whether intracellular survival of the broad-host-range pathogen M. marinum involves general or host-specific virulence mechanisms and found that both apply to this pathogen. The observation that M. marinum uses host-specific mechanisms indicates that it adapts to different intracellular environments. Therefore, it may not be correct to consider amoebae as a training ground for intracellular pathogens, where observed virulence strategies can be translated one on one to a natural and clinically more relevant environment. In M. marinum, we found specific genetic requirements for infection of mammalian cells that were not applicable to protozoa and vice versa. These genetic requirements can be used to study host adaptation and may be useful for the identification of new drug targets. The use of TraDIS in infection studies can be highly instrumental in this process.
